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Tid1-L inhibits EGFR signaling by enhancing EGFR
ubiquitinylation and degradation in lung adenocarcinoma
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Abstract
Tid1, a DnaJ co-chaperone, may promote the degradation of oncogenic
kinases. We postulate that Tid1 inhibits epidermal growth factor receptor
(EGFR)-dependent signaling through interaction with the HSP70/HSP90
chaperone complex. In this study, we investigated whether Tid1 and its
isoforms (Tid1-L and Tid1-S) function as tumor suppressors by affecting EGFR
signaling and whether Tid1 expression level correlated with the clinical
outcome in lung adenocarcinoma patients. We found reduced Tid1 expression
level, particularly Tid1-L, in non-small-cell lung cancer (20/20) and highly
invasive lung adenocarcinoma cell lines. Tid1-L expression level correlated
inversely with EGFR expression level, and low Tid1-L/high EGFR expression
level predicted poor overall survival in another cohort of 55 lung
adenocarcinoma patients. Tid1-L overexpression inhibited cell proliferation and
colony formation in CL1-5 cells and reduced tumor growth in subcutaneous
and orthotopic xenograft models. Tid1-L interacted with EGFR/HSP70/HSP90
through its DnaJ domain, causing EGFR ubiquitinylation and proteasomal
degradation. EGFR signaling inhibition by Tid1-L is stronger than that by the
HSP90 inhibitor 17-allylamino-demethoxy geldanamycin. We concluded
Tid1-L could act as a tumor suppressor, and its expression level correlated
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with the clinical outcome of patients with lung adenocarcinoma. Tid1-L inhibits
EGFR signaling through interaction with EGFR/HSP70/HSP90 and
enhancement of EGFR ubiquitinylation and degradation.
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Introduction
Lung cancer is the leading cause of cancer deaths worldwide and
non-small-cell lung cancer (NSCLC) is the dominant cell type (1). Recent
epidemiological studies have demonstrated a global trend with a decrease in
squamous cell carcinoma and a sharp rise in adenocarcinoma (1). The
epidermal growth factor receptor (EGFR), a receptor tyrosine kinase (RTK), is
the major driver pathway of lung adenocarcinoma, regulating important
tumorigenic processes, including proliferation, apoptosis, angiogenesis, and
invasion (2). The EGFR is frequently overexpressed and mutated in lung
adenocarcinoma (3). However, the detailed mechanism of how EGFR
signaling regulates oncogenic pathways is unclear.
The major signaling pathways activated by the EGFR are the
mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase
(PI3K)–AKT, and the signal transducer and activator of transcription protein
(STAT) pathways (4). Although ligand-induced kinase activation normally
targets EGFR for ubiquitinylation and subsequent degradation in lysosomes
(5), several groups have reported that certain EGFR mutants and amplification
may escape this regulation (3, 6).
EGFR is a client protein for heat shock protein (HSP) 90 (HSP90) (7),
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which commonly functions in concert with various co-chaperones including
HSP70 and HSP40 (8). These chaperone proteins form a complex with the
client protein and assist protein folding, activation, and degradation. Therefore,
these chaperones or co-chaperones are anticipated to participate in the
regulation of EGFR signaling. Interruption of the HSP70/HSP90-folding cycle
through the addition of a HSP90-specific inhibitor such as
17-allylamino-demethoxy geldanamycin (17-AAG) leads to ubiquitinylation and
degradation of EGFR (9).
Tid56, the Drosophila lethal(2)tumorous imaginal disc gene, was the first
gene encoding a member of the DnaJ co-chaperone family classified as a
tumor suppressor (10). Tid1, the human homologue of the Tid56 gene, was
recently shown to be a tumor suppressor in head and neck cancer (11). Tid1
encodes 2 alternative splicing isoforms (Tid1 long form, Tid1-L; and Tid1 short
form, Tid1-S) that are involved in the destabilization of HIF-1α and ErbB2 (12,
13) as well as the attenuation of EGFR-AKT signaling (11). However, the
molecular basis for the involvement of Tid1 in EGFR regulation and in lung
adenocarcinoma tumorigenesis remains largely unknown.
Because Tid1 is a DnaJ family protein that may interact with HSP70
through its DnaJ-domain and because EGFR is a client protein of HSP90 (14,
7
15), we investigated whether the 2 isoforms of Tid1 function as tumor
suppressors in lung adenocarcinoma by affecting EGFR signaling through
modulation of the EGFR/HSP90/HSP70 complex- and EGFR-dependent
pathways.
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Results
Expression level of Tid1-L and Tid1-S in lung adenocarcinoma and cell
lines
To determine which isoform of Tid1 is the main tumor suppressor in lung
adenocarcinoma, the mRNA levels of splicing variants Tid1-L and Tid1-S were
examined by RT-PCR of 20 surgically resected paired samples of tumor and
adjacent normal tissues from NSCLC patients. The clinical characteristics of
the patients are summarized in Supplemental Table 1. Lung adenocarcinoma
is the most common type of these lung cancer patients. As shown in Figure 1A,
the expression level of both Tid1-L and Tid1-S in the tumor was lower than that
in the adjacent normal tissue in the majority of the NSCL patients (19/20, 95%
in Tid1-S and 20/20, 100% in Tid1-L).
We further evaluated the Tid1-L and Tid1-S mRNA and protein levels in a
panel of lung adenocarcinoma cell lines of increasing invasiveness (CL1-0,
CL1-1, and CL1-5) (13). Similar to the results obtained with the resected
tissues (Figure 1A), the expression level of Tid1-S was higher than that of
Tid1-L in all cell lines tested (Figure 1B, left panel). The Tid1 mRNA and
protein expression, especially Tid1-L expression, were reduced in the highly
invasive cells.
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Expression of Tid1-L is inversely correlated with the expression of EGFR
in lung adenocarcinoma and cell lines
Tid1 is involved in the signaling mediated by the ErbB- and Trk-type RTKs
(11, 13, 16), and an inverse correlation for the expression level of Tid1 and
ErbB2 has been demonstrated in breast cancer (17). We recently showed that
Tid1 attenuates EGFR signaling and functions as a tumor suppressor in head
and neck tumors (11). Because EGFR signaling is the key oncogenic driver
pathway in lung adenocarcinoma (2, 6), we hypothesized that the tumor
suppressor function of Tid1 in lung adenocarcinoma may be related its ability
to attenuate the EGFR tyrosine-kinase network. To test this hypothesis, we
first examined the correlation between Tid1-L expression level and EGFR
activation. As shown in Figure 2A, an inverse correlation was observed
between the expression level of Tid1-L and EGFR in a panel of lung
adenocarcinoma cells and increasing invasiveness. Furthermore, Tid1-L
expression level was also inversely correlated with EGFR phosphorylation in
several other lung adenocarcinoma cell lines (CL83, CL141, CL152, and A549)
(Figure 2B).
The expression level of Tid1-L and EGFR was further examined by IHC of
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paired tumor and adjacent normal tissues from 55 lung adenocarcinoma
patients. The clinical features of these lung adenocarcinoma patients are
summarized in Table 1. Serial sections of each specimen were stained with
antibodies against Tid1-L and wild-type EGFR. A computerized image analysis
system was used for IHC scoring as shown in Supplementary Figure E1. The
normal bronchi of all patients were stained positive for Tid1-L (Figure 2C). In
cancerous lesions, a high expression level of Tid1-L was usually associated
with a low expression level of EGFR (Figure 2D, upper left). In contrast, a low
expression level of Tid1-L was associated with a high expression level of
EGFR (Figure 2D, upper right). Statistical analysis showed a significant
inverse correlation between the expression level of Tid1-L and the expression
level of EGFR (p < 0.05, Table 1).
Low Tid1-L/high EGFR expression predict poor overall survival of lung
adenocarcinoma patients
We examined the Tid1-L and EGFR expression and correlated the
expression with the clinical outcome. Kaplan–Meier survival analysis
demonstrated that patients with a higher expression of Tid1-L (score 2) had a
better overall survival than those with low or undetectable expression of Tid1-L
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(score 0-1) (Figure 3A). Likewise, patients with a high expression of EGFR
(score 2-3) had a poorer overall survival compared with those having a low
expression of EGFR (score 0-1) (Figure 3B). To further analyze the expression
of Tid1-L and EGFR and the influence of the expression on patient survival,
the scoring systems of Tid1-L and EGFR were divided into 2 categories:
positive and negative expression. Patients with Tid1-L(+)/EGFR(-) had better
overall survival rates than those with Tid1-L(-)/EGFR(+) (Figure 3C).
Overexpression of Tid1-L inhibits cancer cell proliferation and induces
apoptosis in lung adenocarcinoma cells
To evaluate whether Tid1-L is involved in lung adenocarcinoma
tumorigenesis, we overexpressed Tid1-L in a human lung cancer cell line
CL1-5, which is highly invasive and displays little basal expression of Tid1-L
(Figure 1C). We found that overexpression of Tid1-L inhibited cell proliferation
(Figure 4A) and anchorage-independent growth (Figure 4B). Furthermore, the
Tid1-L-overexpressing CL1-5 cells displayed loss of adherence, condensed
cytoplasms, and the formation of apoptotic bodies, which are all indicative of
apoptosis (Figure 4C). Cleavage of the caspase substrate poly-(adenosine
diphosphate ribose) polymerase (PARP) also increased in the lysate of
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Tid1-L-overexpressing CL1-5 cells (Figure 4D). Furthermore, we confirmed
these results in lung adenocarcinoma cell line CL141, derived from a patient,
with a low expression level of Tid1-L (Figure 2B).
Overexpression of Tid1-L reduces tumor growth of subcutaneous and
orthotopic xenografts in vivo
To investigate the anti-tumorigenicity of Tid1-L on lung adenocarcinoma
cells in vivo, 5  106 CL1-5 cells, infected with recombinant lentiviruses
expressing GFP or Tid1-L, were subcutaneously injected into the flanks of
nude mice. As shown in Figure 5A, the growth of the tumors injected with
Tid1-L-overexpressing CL1-5 cells was more retarded than the growth of
tumors in GFP-overexpressing CL1-5 cells. We also performed the same
experiment using orthotopic injection into the thoracic cavity. As shown in
Figure 5B, orthotopic tumor growth of Tid1-L-overexpressing CL1-5 cells was
significantly reduced compared with the control. IHC showed that Tid1-L was
expressed in the orthotopic lung tumors that had been injected with
Tid1-L-overexpressing cells (but not in the control lung tumors) (Figure 5B,
right panel). These results confirmed that Tid1-L might attenuate the
tumorigenicity of lung adenocarcinoma cells in vivo.
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Tid1-L interacts with the EGFR/HSP90/HSP70 complex and reduces
EGFR signaling in lung adenocarcinoma cells
The DnaJ-domain of HSP40 contains an HPD motif that is thought to
stabilize the interaction between client proteins and the HSP70/90 complex (18,
19). Because EGFR is a client protein for HSP90, we investigated the
possibility that Tid1-L modulates EGFR signaling through interaction with the
HSP70/HSP90 complex. CL1-5 cells were transfected with HA-tagged Tid1-L
or Tid1-S, and the cell extracts were immunoprecipitated with anti-HA
antibodies. As shown in Figure 6A, HSP90, HSP70, and EGFR were readily
detected in the immunoprecipitate from cells transfected with Tid1-L-HA;
however, only HSP70 was detected in cells transfected with Tid1-S-HA,
indicating that Tid1-L (but not Tid1-S) interacts with HSP90 and EGFR.
To further study whether EGFR and Tid1-L exist endogenously as a
complex in lung adenocarcinoma cells, cell extracts from A549 cells were
immunoprecipitated with anti-Tid1-L antibodies or control immunoglobulin G
(IgG). The immunocomplexes were analyzed by immunoblotting with
anti-EGFR (tEGFR), HSP90, or Tid1-L antibodies. As shown in Figure 6B,
EGFR, HSP70, and HSP90 could be detected in the cell extracts
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immunoprecipitated with anti-Tid1-L antibodies, indicating that Tid1-L may
interact with HSP70, HSP90, and EGFR.
We next investigated whether overexpression of Tid1-L affects
EGFR-dependent signaling in lung adenocarcinoma. CL1-5 cells were
transfected with Tid1-L-HA, and the transfected cells were starved for 24 h in
the absence of serum before stimulation with 10 ng/mL epidermal growth
factor for 5 min. The Tid1-L-overexpressing cells had less total EGFR (tEGFR)
and exhibited decreased activation of EGFR, AKT, ERK, and STAT3
compared with cells transfected with the empty vector (Figure 6C), indicating
that Tid1-L may attenuate the EGFR-dependent signaling pathway in lung
adenocarcinoma cells.
Finally, the efficiency of the Tid1-L-mediated inhibition of
EGFR-dependent signaling was evaluated with the HSP90 inhibitor 17-AAG
(9). The CL1-5 cells were transfected with Tid1-L-HA or the empty vector, and
the transfected cells were treated with 2 μM 17-AAG or dimethyl sulfoxide
(DMSO, a control). As shown in Figure 6D, although 17-AAG appeared to
downregulate the expression of EGFR more than the overexpression of Tid1-L,
the overexpression of Tid1-L reduced the activation of AKT, ERK, and STAT3
more than the 17-AAG treatment did (compare the 2 middle columns in Figure
15
6D). Apoptosis induction as measured by the PARP cleavage was also more
evident in cells overexpressing Tid1-L than the PARP cleavage after the
17-AAG treatment. Notably, the reduced EGFR level and the activation of AKT
were more dramatically reduced in Tid1-L-overexpressing cells treated with
17-AAG (compare the right column with the 2 middle columns in Figure 6D).
The DnaJ-domain of Tid1-L is required for polyubiquitination and
proteasome degradation of EGFR
The conserved DnaJ-domain of Tid1 forms a complex with HSP70 to exert
a co-chaperone function (11, 13). We hypothesized that the DnaJ-domain of
Tid1-L is required for interaction with the EGFR/HSP90/HSP70 complex and
the regulation of EGFR signaling. Plasmids encoding HA tagged wild type
Tid1-L (Tid1-L-Wt) or HA-tagged DnaJ domain mutant of Tid1-L (Tid1-L-Mut)
(Figure 7A) were transfected into CL1-5 cells, and the presence of tEGFR,
HSP90, and HSP70 in the immunoprecipitates was examined by western
blotting using anti-HA antibodies. As shown in Figure 7B, tEGFR, HSP70, and
HSP90 were only detected in immunoprecipitates from cells transfected with
Tid1-L-Wt (not with Tid1-L-Mut), indicating that a functional DnaJ-domain is
required for the interaction between Tid1-L and tEGFR, HSP70, and HSP90.
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To determine whether the co-chaperone function of Tid1-L is critical for
the regulation of EGFR-dependent signaling, CL1-5 cells were transfected with
Tid1-L-Wt or Tid1-L-Mut, and the transfected cells were then analyzed for
activation of EGFR-dependent signaling. As shown in Figure 7C, the tEGFR
level and the STAT3, AKT, and ERK activation were reduced in CL1-5 cells
overexpressing Tid1-L-Wt. In contrast, the reduced level of EGFR and the
reduced activation of ERK, AKT, and STAT were not detected in the cells
overexpressing Tid1-L-Mut. These results suggested that the DnaJ-domain of
Tid1-L is crucial for the regulation of EGFR-dependent signaling.
To determine whether the co-chaperone function of Tid1-L regulates
EGFR-dependent signaling by affecting the stability of EGFR, CL1-5 cells
were transfected with Tid1-L-Wt or Tid1-L-Mut, and the transfected cells were
then incubated with cycloheximide (40 μg/mL) at 37 C for 2 h before sampling.
As shown in Figure 7D, the stability of EGFR was greatly reduced in CL1-5
cells overexpressing Tid1-L-Wt (but not in cells overexpressing Tid1-L-Mut).
Finally, to address whether the reduced stability of EGFR in
Tid1-L-overexpressing cells enhanced EGFR ubiquitination, the proteasome
inhibitor MG-132 was added to the transfected cells for 4 h (to facilitate EGFR
ubiquitination). As shown in Figure 7E, ectopic expression of Tid1-L-Wt (but
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not of Tid1-L-Mut) significantly promoted ubiquitination of EGFR as revealed
by anti-ubiquitin immunoblot analysis. Collectively, these data demonstrated
that Tid1-L regulated EGFR stability in CL1-5 cells via the DnaJ-domain,
leading to ubiquitination and proteasome degradation of EGFR.
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Discussion
Two alternatively spliced forms of Tid1 are expressed in humans, Tid1-L
and Tid1-S, which differ only at their C-termini. Tid1 proteins are synthesized
as cytosolic precursor proteins, which are proteolytically cleaved at the
N-termini that bear mitochondrial signal sequences to produce a mature
protein that can enter the mitochondria. Tid1-L has a greater cytosolic stability
and a reduced rate of mitochondrial import compared with Tid1-S, resulting in
higher levels of Tid1-L in the cytoplasm (20). The different subcellular
localization of Tid1-L and Tid1-S may influence the ability of these
co-chaperone isoforms to associate with HSP70 and other cytosolic proteins,
and hence influences their biological interactions and functions.
The Tid1 gene has been mapped to human chromosome band 16p13.3
(21). Based on array-comparative genomic hybridization data collected by
Gallegos Ruiz et al., loss of this chromosomal band was found in at least 20%
of lung adenocarcinoma patients (22). In addition, Tid1 promotes apoptosis in
head and neck cancers (23). In this study, we showed that Tid1-L likely
functions as a tumor suppressor in lung adenocarcinoma. Tid1-L is expressed
in normal bronchial epithelial cells. The expression of Tid1-L in lung
adenocarcinoma is inversely correlated with the expression of EGFR.
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Interestingly, survival analysis indicated that the overall survival of patients
was negatively correlated with the expression of EGFR but positively
correlated with the expression of Tid1-L. Low expression level of Tid1-L and
high expression of EGFR were associated with poor overall survival of lung
adenocarcinoma patients and vice versa. This clinical correlation may support
the role of Tid1-L in regulating EGFR expression in vivo, and the Tid1-L/EGFR
expression signature may represent a useful biomarker to predict the clinical
outcome. Whether Tid1-L expression is associated with specific EGFR
mutations and PKT activity is unknown, and further studies are therefore
warranted.
We also showed that Tid1-L overexpression induced lung
adenocarcinoma cell apoptosis and inhibited lung tumor growth in vitro and in
vivo. Tid1-L may interact with EGFR/HSP70/HSP90 through the DnaJ-domain
and downregulate EGFR signaling by induction of EGFR ubiquitinylation and
proteasome degradation. The inhibition of EGFR signaling by Tid1-L is even
stronger than that of the proven HSP90 inhibitor 17-AAG. Our results suggest
that Tid1-L is a potential druggable target to treat lung adenocarcinoma.
Tid-1 isoforms consist of a DnaJ-domain, a highly conserved region of the
DnaJ/HSP40 family of proteins, which mediates the binding between Tid-1 and
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HSP70. The DnaJ-domain contains an HPD motif that likely facilitates the
stabilization of target proteins bound to HSP70/90 hetero-complexes. In this
study, we showed that Tid1-L may interact with EGFR/HSP70/HSP90 through
its DnaJ-domain and thus downregulates EGFR signaling. We showed that
Tid1-L (but not Tid1-S) interacts with EGFR/HSP70/HSP90 and that this
interaction is dependent on a functional DnaJ-domain (Figure 7). Interestingly,
we observed that the DnaJ-domain mutant of Tid1-L had a greater amount of
processed proteins than the wild-type DnaJ-domain of Tid1-L, indicating that
the binding of Tid1-L to HSP70 and HSP90 may increase the proportion of
Tid1-L that is localized to the cytosol.
Tid1 functions both as a chaperone and a co-chaperone for a variety of
proteins, and Tid1 is similar to another lung cancer tumor suppressor, HLJ1
(24). Both proteins are of the same family of heat shock proteins that function
as molecular chaperones. HLJ1 overexpression retards cell cycle progression
by affecting the STAT1/P21 pathway, and this is accompanied by a decrease
in cyclin D1 expression. Here, we demonstrated that overexpression of Tid1-L
attenuated EGFR-dependent signaling. Therefore, these 2 molecular
chaperones appear to exert their tumor suppressor functions by affecting
different targets. Additional understanding on the role of the HSP40 family of
21
proteins in oncogenesis is essential and may lead to the identification of novel
targets for cancer therapy.
In summary, we demonstrated that Tid1-L likely functions as a tumor
suppressor in lung adenocarcinoma to downregulate EGFR signaling through
interaction with the HSP70/HSP90 chaperone. Design of new strategies to
upregulate Tid1-L expression and inhibit EGFR signaling may be useful for the
treatment of lung adenocarcinoma because adenocarcinoma is driven by the
EGFR pathway. The Tid1-L/EGFR/HSP70/HSP90 complex is a novel
biomarker and potential treatment target for lung adenocarcinoma.
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Methods
Patients and tumor specimens
Two independent cohorts were recruited for this study. The first cohort
consisted of 20 patients with histologically confirmed NSCLC that underwent
surgical resection at the National Taiwan University Hospital (Taipei, Taiwan,
ROC) between 2000 and 2003. The tumor and adjacent normal tissues from
this cohort were used for the analysis of Tid1 mRNA expression. The second
cohort was derived from 55 patients with confirmed lung adenocarcinoma that
underwent surgical resection at China Medical University and Hospital
(Taichung, Taiwan, ROC) between November 19, 2004, and August 15, 2011.
The tumors and adjacent normal tissue specimens from this cohort were used
for immunohistochemical staining. This study was reviewed and approved by
the institutional review board and ethics committee of National Taiwan
University Hospital and China Medical University and Hospital. Written
informed consent was obtained from all patients.
Cell lines
A panel of human lung adenocarcinoma cell lines, CL1-0, CL1-1, and
CL1-5, in ascending order of invasiveness, was established in our laboratory
using a Transwell invasion chamber (25). Primary lung adenocarcinoma cell
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lines CL83, CL152, and CL141, established in our laboratory, were derived
from clinical patients. A549 cells were purchased from the American Type
Culture Collection (Manassas, VA, USA).
Plasmid and lentiviral constructs
Site-directed mutagenesis was used to generate a Tid1-L mutant that
replaced H121P122D123 in the DnaJ-domain with Q121N122A123 (11). For
HA-tagged constructs, full-length cDNAs encoding human Tid1-S, Tid1-L, and
the DnaJ-domain mutant of Tid1-L (Tid1-L-HQPNDA) were cloned into the
NheI and BamHI sites of the pRK5-HA vector (empty vector), and the resulting
constructs were designated Tid1-S-HA (Wt), Tid1-L-HA (Wt), and Tid1-L-HA
(Mut), respectively. For constructs that co-expressed green fluorescent protein
(GFP), full-length cDNAs encoding human Tid1-L-Wt and the Tid1-L
DnaJ-domain mutant were cloned as described previously (11).
Reverse transcriptase polymerase chain reaction (RT-PCR)
RNA extraction and RT-PCR were performed as previously described (26).
The sequences of the oligonucleotide primers are listed in Supplementary
Table 2.
Immunoprecipitation and western blotting
Immunoprecipitation and western blotting were performed as described
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previously (11).
Immunohistochemistry (IHC)
IHC was performed as described previously (17). The primary antibodies
used for staining were targeted against Tid1-L (clone C-15) and wild-type
EGFR (clone EGFR.25).
Subcutaneous and orthotopic xenograft tumor growth in vivo
The effect of Tid1-L overexpression on tumorigenic activity in vivo was
studied using 6-week-old nude BALB/c nu/nu mice (n = 8 per group). CL1-5
cells were infected with lentiviral Tid1-L–GFP (Wt) or vector for 48 h before
injection into the flanks of nude mice. The detailed analyses were performed
as previously described (11). For orthotopic tumor implantation assays, CL1-5
cells infected with lentiviral Tid1-L–GFP (Wt) or vector were injected into the
pleural cavity of 6-week-old nude BALB/c nu/nu mice (n = 6 per group).
Detailed analyses were performed as previously described (27). All animal
experiments were conducted in accordance with the guidelines of the
Department of Animal Care, Institute of Biomedical Sciences, Academia Sinica,
Taipei, Taiwan, Republic of China.
All other materials and methods are described in the Supplementary
Method.
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